In common with many bacterial pathogens, Streptococcus pneumoniae has a 3 6 polysaccharide capsule, which facilitates immune evasion and is a key virulence 3 7 determinant. However, recent data has shown that the closely related Streptococcus mitis 3 8
0 3
There are extensive epidemiological data on the effects of S. pneumoniae capsular 1 0 4 serotypes on disease phenotypes, and these have been partially correlated to in vitro 1 0 5 measures of virulence such as resistance to complement and phagocytosis (Hyams et al., 1 0 6 2011 , Weinberger et al., 2009 . Increased capsule thickness in opaque phase variants of S. 1 0 7 pneumoniae compared to transparent phase variants is associated with greater resistance to 1 0 8 complement and phagocytosis (Hyams et al., 2010a) , and variations in capsule thickness 1 0 9 between serotypes has also been correlated with resistance to non-opsonic phagocytosis 1 1 0 (Weinberger et al., 2009) . These data would suggest that the capsule simply prevents host 1 1 1 proteins attaching to the bacterial cell surface. In contrast, we have previously found that 1 1 2 strain resistance to complement and neutrophil phagocytosis correlates strongly with the 1 1 3 degree of binding of the host protein complement inhibitor factor H to the S. pneumoniae 1 1 4 subcapsular cell wall protein PspC (Hyams et al., 2013) , indicating a more nuanced effect of 1 1 5 capsule on inhibiting host immunity than simply blocking access to the bacterial surface by 1 1 6 host proteins. How the chemical structure of the capsule affects interactions between host 1 1 7 and bacterial molecules is not known, and investigating this will require new methodologies 1 1 8 that can measure the physical effects of the capsule on host interactions. Atomic force 1 1 9 microscopy (AFM) has proven to be a reliable tool to image and characterise the 1 2 0 biomechanical properties of a wide range of bacterial cells under physiological environment 1 2 1 conditions (Herman-Bausier and Dufrêne, 2018) . As no invasive sample preparation is 1 2 2 required for AFM (when compared to other types of microscopy techniques), it is possible to 1 2 3 immobilise bacteria under buffered conditions and obtain high-resolution imaging of viable 1 2 4 cells (Braga and Ricci, 2011) . Recently, AFM has been used to characterise the adhesion of 1 2 5 cells to substrates at the single-cell and single-molecule levels (Beaussart et al., 2014) , and 1 2 6
Wang et al. utilised AFM to study the mechanical behaviour of Klebsiella pneumoniae 1 2 7 strains. They found that the presence of type 3 fimbriae maintained fluidity of the 1 2 8 polysaccharide capsule and that this facilitated adhesion to surfaces (Wang et al., 2015) . 1 2 9
The same group also demonstrated that the K. pneumoniae capsule altered its elasticity in 1 3 0 response to changes in turgor pressure by absorbing counterions, so reducing the overall 1 3 1 net charge along the capsule polysaccharide chains and protecting the bacterial cell against 1 3 2 osmotic stress (Wang et al., 2013) . Su et al., also used AFM to characterise the structure of 1 3 3 the polysaccharide capsule of Zunongwangia profunda SM-A87 (Su et al., 2012) , while 1 3 4
Stukalov et al. characterised the capsule of four different gram-negative bacterial strains by 1 3 5 utilising both AFM and transmission electron microscopy (TEM) (Stukalov et al., 2008) . 1 3 6
While TEM allowed visualisation of the capsule for some strains, AFM was able to detect the 1 3 7 presence of capsule on all the encapsulated strains studied (Stukalov et al., 2008) . These 1 3 8 publications confirm that AFM can be used to evaluate the mechanical properties of 1 3 9 encapsulated and unencapsulated bacteria and promises to be a good approach for 1 4 0 investigating the physical differences related to the capsule between bacterial strains or 1 4 1 species (Dufrêne et al., 2017) . 1 4 2
In this study, the phenotypic characteristics (structure, mechanical properties, resistance to 1 4 3 neutrophil-mediated opsonophagocytosis and killing) of different capsular serotypes 1 4 4 associated with S. mitis and S. pneumoniae strains were investigated and complemented 1 4 5 with nanometrology measurement. The overall aims were to investigate whether there are 1 4 6 physical differences between S. mitis and S. pneumoniae strains expressing the same 1 4 7 capsular serotypes that might relate to differences in their virulence potential. 1 4 8
as an almost perfect elastic material (Table 2) . Additionally, little to no adhesion could be 3 3 6 recorded over the cell body regardless of the presence or absence of capsules. It is worth 3 3 7 noting that if both the indentation load and the cantilever's spring constant were lower (load 3 3 8 <0.5nN and k <0.05N/m) a much stronger adhesion response could be recorded (data not 3 3 9
shown). Overall, the body of these bacterial strains' cells presented a very elastic and 3 4 0 compliant behaviour with values ranging from 0.87 MPa for S. mitis TIGR4 cps to 9.14 MPa for 3 4 1 Performing measurements on the cell edge for the encapsulated strains (S. pneumoniae 3 4 4 TIGR4, S. mitis TIGR4 cps , S. mitis SK142 strains) presented a different indentation pattern. A 3 4 5 hysteresis between the approach and retraction curves together with non-specific adhesion 3 4 6 (integrated area under the retraction curve) could be recorded in the presence of the capsule 3 4 7 at the edge of the bacteria, where we are only indenting the capsule (Fig. 5a, 5c ). The 3 4 8 hysteresis between the approach and retraction curve implied a significant change in the 3 4 9 mechanical properties of the sample between the indentation and the relaxation of the 3 5 0 material i.e. this region of the sample displays a visco-elastic behaviour (Efremov et al., 3 5 1 2017), due for example to a reorganisation of the capsule following the initial indentation. 3 5 2
S. mitis
Viscoelasticity is revealed in a clear hysteresis between the approach and retraction parts of 3 5 3 curves (Rebelo et al., 2013) . In terms of elastic modulus, the edge of S. pneumoniae TIGR4 3 5 4 (E= 0.32 MPa) showed a significant decrease (~1.5 MPa) compared to the body (E= 1.79 3 5 5 MPa). In the case of the isogenic capsule deletion mutant ( Fig. 5b ), measurements taken for 3 5 6 the cell body showed a minor increase in elastic modulus (E=1.95 MPa). Overall, these 3 5 7
findings indicate that the cell body of S. pneumoniae TIGR4 and S. pneumoniae TIGR4 3 5 8 Δ cps is significantly stiffer than the cell edge. Furthermore, a clear change in the 3 5 9 biomechanical properties of the bacterial cell can be expected when the surface capsule is 3 6 0 lost. 3 6 1 Similar to S. pneumoniae, the mechanical response of S. mitis (SK142) presented 3 6 2 some hysteresis between the approach and retraction curves on the cell edge together with 3 6 3 a significant amount of adhesion (Fig. 5c ). The elastic modulus of cell body median of S. 3 6 4 mitis (E= 6.09 MPa) was over 3 MPa stiffer than the cell edge (E= 2.63 MPa). In the 3 6 5 indentation measurement performed on the S. mitis wild type (SK142) cell body, the 3 6 6 retraction curve also presented specific unbinding events. Of all the strains examined in this 3 6 7 study, these events were seen only with wild-type S. mitis strains. In comparison to S. 3 6 8 pneumoniae TIGR4, the cell body modulus of elasticity of S. mitis was over 4 MPa higher 3 6 9
(E= 1.79 and 6.09 MPa respectively), though the differences in moduli of elasticity for S. 3 7 0 pneumoniae TIGR4 and S. mitis SK142 edges were less distinct than that of the cell body 3 7 1 (E= 0.32 and 2.63 MPa respectively). The S. mitis Δ cps strain demonstrated similar 3 7 2 biomechanical characteristics to the S. pneumoniae TIGR4 Δ cps strain with similar approach 3 7 3 and retraction curves (Fig. 5d ), and a sharp gradient from point of contact to set loading 3 7 4 force for both the bacterial cell body and the bacterial edge. The unbinding events seen for 3 7 5 S. mitis wild type were not observed in the case of S. mitis To determine whether the capsule serotypes considered identical by biochemistry 3 8 0 would also possess the same biomechanical properties when expressed in S. mitis, 3 8 1 indentation measurements were also carried out on the S. mitis TIGR4 cps strain. The 3 8 2 indentation curves acquired directly on the cell body again of the S. mitis TIGR4 cps strain 3 8 3 showed a similar approach and retraction curves to S. mitis (Fig. 5e ). However, the median 3 8 4 elastic modulus for the cell body of S. mitis TIGR4 cps was significantly lower than that of the 3 8 5 S. mitis wild-type strain (E= 0.87 and 6.09 MPa respectively), bringing it much closer to that 3 8 6 measured for the S. pneumoniae TIGR4 cell body (E= 1.79 MPa). As shown for the 3 8 7 encapsulated TIGR4 and S .mitis SK142 wild type strains, the curves obtained from the cell 3 8 8 edge also presented the previously observed hysteresis pattern between the approach and 3 8 9 the retraction curve ( Fig. 5e ). Finally, in contrast to S. pneumoniae TIGR4, the median 3 9 0 elasticity value for the cell edge of S. mitis TIGR4 cps was extremely small (E= 0.03 MPa) 3 9 1 suggesting it was much softer when compared to the other strains. force (between the AFM probe and individual bacterial cell) was calculated for each strain 3 9 5 from the retraction curve of the force maps. Interestingly, both strains of bacteria without any 3 9 6 capsule ( Fig. 6 b, d) presented the same distribution of adhesion with very low median 3 9 7 values suggesting that the bacteria were not adhering very well to the cantilever. When both 3 9 8 these strains were functionalised with the TIGR4 capsule, they presented again a similar 3 9 9 pattern distribution of adhesion to one another (albeit with higher values that in the no-4 0 0 capsules case) as presented in Fig 6 a & e. It appears that the presence of the TIGR4 4 0 1 capsule led to an increase median of adhesion for both these strains to 0.18 nN. Finally, the 4 0 2 strongest adhesion behaviour was observed when S. mitis was functionalised with SK142 4 0 3 capsule ( Fig. 6c ). In this case, the adhesion increases significantly to reach a median of 0.40 4 0 4 nN when compared to the capsule deletion or TIGR4 cps . This approach strongly suggests 4 0 5 that it capsular serotype can play a direct part in the strength of bacterial adhesion to 4 0 6 external surfaces. well as an increased adhesion work in comparison to the unencapsulated strain ( Fig. 7b , 4 1 7 7d), characteristic of increased adhesion between the microbial cell and surface, and indeed 4 1 8 the adhesion force measured for S. aureus RASA8 was higher than that for S. aureus 4 1 9 CO1122 (0.42 and 0.15 nN respectively) ( Fig. 7f, 7g, 7h ). Similar to the pattern of elastic 4 2 0 modulus observed for S. mitis SK142 and its corresponding unencapsulated strain, S. 4 2 1 aureus CO1122 demonstrated a significantly increased cell body elastic modulus to that of 4 2 2 S. aureus RASA8 (E= 13.36 and 4.18 MPa respectively) (Fig 7e) . RASA8 also demonstrated 4 2 3 different elastic moduli values for both the cell centre and cell edge, consistent with the 4 2 4 presence of capsular material surrounding the bacterium. The same behaviour was not 4 2 5
observed for the unencapsulated CO1122 strain, suggesting it directly reflects the 4 2 6 mechanical properties of the polysaccharide capsule. Overall, loss of capsule was found to 4 2 7 display a similar AFM pattern for both streptococci and staphylococci strains utilised in this 4 2 8 study, confirming the data obtained is related to capsule effects on the physical properties of 4 2 9 the bacterial surface. differences in the physical structure and mass of the capsule (Fig. 3c, 3d , 3k, 3l) with the S. 4 3 5 pneumoniae strain showing markedly more resistance to complement mediated neutrophil 4 3 6 killing ( Fig. 4b ). AFM imaging ( Fig. 8e , 8k) confirmed that these encapsulated strains 4 3 7 consisted of an oval body surrounded by an edge of material that likely represents the 4 3 8 capsule, and thereby supports the concept that the force-distance data from the bacterial 4 3 9 edge were due to the capsule alone. Force mapping was carried out on these strains to 4 4 0 determine if the species background affected the biophysical characteristics of the capsule 4 4 1 serotype produced. Force-distance curves obtained from the S. pneumoniae ST36 cell body 4 4 2 exhibited a steep gradient and no separation of the approach and retraction curve ( Fig. 8a) . 4 4 3
Force-distance curves generated from the cell edge showed a distinct bimodal pattern of a 4 4 4 steep incline to between approximately 2-2.5nN force, after which the force dropped down 4 4 5 to almost 1nN before being reapplied by the AFM and 3nN reached (Fig. 8b ). This relaxation 4 4 6 in the approach curve of the force-distance cycle suggests that the material being indented 4 4 7 (in this case the capsule) is being perforated by the AFM probe. As the maximum 4 4 8 indentation load is not reached, the force-distance cycle continues. The steep second part 4 4 9 of the approach would correspond to the indentation of the body of the cell. The overall 4 5 0 elasticity of the S. pneumoniae ST36 cell body was approximately 2 MPa higher than the cell 4 5 1 edge; both cell body and edge demonstrated a skewed frequency distribution towards the 4 5 2 lower MPa scale ( Fig. 8c, 8d ). A similar bimodal force curve profile was exhibited by S. mitis 4 5 3 SK1126, showing a steep curve with no hysteresis for the cell body ( Fig. 8g ), whereas the 4 5 4 frequency distribution of the cell edge was shifted to the left (Fig. 8i ). The S. mitis SK1126 4 5 5 overall body elasticity was approximately 3 MPa greater than the cell edge ( Fig. 8h, 8j ). 4 5 6
Distribution of adhesion values for both serotype 36 expressing capsule strains 4 5 7 demonstrated almost identical distribution from 0.08 -0.15nN. A small increase in the 4 5 8 median adhesion force of S. mitis SK1126 (0.12 nN) was seen in comparison to S. 4 5 9 pneumoniae ST36 (0.1 nN), but there was no difference in energy (adhesion work) between 4 6 0 the two strains ( Fig. 8f, 8l ). These data along with calculated elasticity demonstrate that 4 6 1 compatible with their identical biochemical structure, the serotype 36 capsule layers of S. The bacterial capsule is a well-recognised major virulence determinant for S. pneumoniae. 4 6 7
However, S. mitis, its low pathogenic close genetic relative often also expresses a surface 4 6 8 capsule as further confirmed by our TEM and AFM images ( Fig. 1, 3, 8 ). However, 4 6 9 differences were observed between the morphological and biomechanical properties of the 4 7 0 S. pneumoniae capsular serotypes expressed in S. mitis strains compared to expression in 4 7 1 S. pneumoniae. For example, capsule width was significantly diminished in S. mitis 4 7 2 compared to S. pneumoniae (Fig. 3i, 3k, 3m ). Furthermore, capsules of S. pneumoniae 4 7 3 ST36 and S. mitis SK1126, which are biochemically identical, were found to have different 4 7 4 capsule mass and morphological structure ( Fig. 3c, 3d , 3k, 3l). These data suggest that 4 7 5
although the influence of genes on the chemical makeup of S. pneumoniae capsule serotype 4 7 6 has been partially determined (Bentley et al., 2006) , other unknown factors also influence 4 7 7 the potential capsule morphology and biophysical properties. Potential possibilities for these 4 7 8 factors include differences in the supply of capsular monosaccharide units, capsule 4 7 9
assembly or regulators of capsule size. For example, allelic variation of the Spn556II type-I 4 8 0 Wang et al., 2013 , Wang et al., 2015 . In this work, we have utilised a non-invasive 4 9 4 bacteria immobilisation approach that allowed the imaging and probing of S. mitis and S. 4 9 5 pneumoniae attached to biopolymer-coated glass substrates, in PBS. We observed distinct 4 9 6
force-curve profiles and elastic modulus data for the centre and edge areas of each 4 9 7 bacterium for S. pneumoniae TIGR4, S. mitis and S. mitis TIGR4 cps . All encapsulated strains 4 9 8
were found to possess two distinct areas of elastic properties, namely, a "stiffer" centre 4 9 9 surrounded by a "softer" edge ( Table 2) . This "edge effect" was not observed in the non-5 0 0 encapsulated strains, and therefore we believe it is a direct representation of the presence of 5 0 1 bacterial capsule. This model was further confirmed by utilising S. aureus RASA8 and its 5 0 2 corresponding unencapsulated strain CO1122, which also demonstrated elastic and 5 0 3 adhesive differences associated with the presence of capsule ( Fig. 7) . 5 0 4
The unbinding profiles observed for the capsule of S. pneumoniae TIGR4, S. mitis 5 0 5 and S. mitis TIGR4 cps demonstrated the characteristic saw-tooth like patterns of single-5 0 6 molecule unbinding (Strunz et al., 1999) , and thus suggest the interaction of single adhesive 5 0 7 units between the capsule and AFM probe. Utilising this approach, we were also able to 5 0 8 demonstrate similar nanomechanical properties and unbinding patterns for two serotype 36 5 0 9 capsule strains, S. pneumoniae ST36 and S. mitis SK1126. Furthermore, the force-curve 5 1 0 profiles for capsular ST36 strains were markedly different from the serotype 4 capsule ( Fig.  5  1  1 5a, 5e and 8b, 8h). Our AFM results also show increased adhesion forces for S. mitis 5 1 2 compared to S. pneumoniae TIGR4, S. mitis TIGR4 cps , and their unencapsulated derivatives. biophysical properties of S. pneumoniae TIGR4 and S. mitis TIGR4 cps were observed, 5 1 7 compatible with the data showing morphological disparities observed with TEM between 5 1 8 these strains (Fig. 1a, 1b ). Significant differences were also found between encapsulated 5 1 9 strains, with different capsule serotypes having distinct adhesion profiles. The data on 5 2 0 neutrophil sensitivity, EM findings, and biophysical characteristics measured using AFM for 5 2 1 strains expressing difference capsular serotypes are summarised in Table 3 . Overall, our 5 2 2 results demonstrate that the AFM analysis of streptococcal capsular material can 5 2 3 characterise differences at the nanoscale in the physical properties of the capsule between 5 2 4 bacterial species and strains. 5 2 5
Conclusion 5 2 6
Overall, although S. mitis was found to express the same chemical capsule serotypes as S. 5 2 7
pneumoniae, there were important morphological and functional differences. S. mitis strains 5 2 8 expressed a thinner capsule layer than corresponding capsular serotype S. pneumoniae 5 2 9 strains, which also correlated to an increased susceptibility to neutrophil killing. Previously 5 3 0 linking how variation in the chemical structure of the capsule influences the biophysical 5 3 1
properties of the bacterial surface to influence bacterial immune evasion and other 5 3 2 phenotypes was not possible. We have now shown that AFM can define the biophysical 5 3 3
properties of the capsule of living S. mitis and S. pneumoniae, reproducibly quantifying the 5 3 4 elastic and adhesive properties of bacterial cell surfaces. AFM was able to measure both the 5 3 5
properties of the capsule and bacterial cell body, allowing the investigation of whether both 5 3 6 factors combined are important for the biology of the organisms' interactions with the host. 5 3 7
By being able to decipher the mechanically compliant properties and adhesion of different 5 3 8 capsules as a function of their serotypes, we have demonstrated that it is now possible to 5 3 9 assess bacteria species as a functional biomechanical living entity. Future work will use 5 4 0 AFM to study the biophysical phenotypes of different capsule serotypes across a larger 5 4 1 number of strains to identify the relationship between capsule structure, its physical 5 4 2
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